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In R-parity-violating supersymmetry the lightest neutralino can be very light, even massless. For
masses in the range 500 MeV <∼ mχ˜01 <∼ 4.5 GeV the neutralino can be produced in hadron collisions
from rare meson decays via an R-parity violating coupling, and subsequently decay to a lighter meson
and a charged lepton. Due to the small neutralino mass and for small R-parity violating coupling the
lightest neutralino is long-lived, leading to displaced vertices at fixed-target and collider experiments.
In this work, we study such signatures at the proposed experiments ANUBIS and MAPP at the
LHC. We also compare their sensitivity reach in these scenarios with that of other present and
proposed experiments at the LHC such as ATLAS, CODEX-b, and MATHUSLA. We find that
ANUBIS and MAPP can show complementary or superior sensitivity.
I. INTRODUCTION
Recently there has been an increased interest in long-
lived particles (LLPs). Such particles are defined at
colliders to have detached vertices (DVs). Instead of
promptly decaying after production, they travel for a
macroscopic distance before decaying within the detec-
tor, or in nearby additional detectors. Such a long life-
time can arise for different reasons such as small mass
splitting, feeble couplings, or a heavy mediator. While
LLPs exist already in the Standard Model (SM), such
as the long-lived hadron KL, they are also frequently
predicted in a variety of BSM models motivated by ei-
ther dark matter or the non-vanishing neutrino masses.
For example, portal-physics models connecting the SM
and dark sectors may lead to such LLPs which have
a tiny coupling with the SM particles. These models
may include dark photons (vector portal), a light scalar
(Higgs portal), axion-like particles (pseudoscalar por-
tal), or heavy neutral leptons (fermion portal). More-
over, other theoretical scenarios such as quirky models
and split supersymmetry (SUSY) models also predict
LLPs. For recent reviews of LLP models and studies,
see Refs. [1–3].
We are here interested in supersymmetric models with
light neutralinos. Searches for promptly decaying heavy
supersymmetric fields have been unsuccessful so far.
Lower limits on the masses of squarks and gluinos have
been placed at the order of TeV in various SUSY models.
∗ dreiner@uni-bonn.de
† s6juguen@uni-bonn.de
‡ zerensimon.wang@apctp.org
However, this is not the case for the lightest neutralino,
χ˜01. It was noticed some time ago [4, 5], that if we drop
the GUT (grand unified theory) motivated relation of
the gaugino masses M1 =
5
3 tan
2 θWM2 and drop the
dark matter constraint on the lightest neutralino [6–11],
then the neutralino mass can be below a GeV and even
massless [12, 13]. Such a light neutralino is consistent
with stellar cooling, of supernovæ [14–17], and of white
dwarfs [18], as well as with cosmology [19, 20]. Such
light neutralinos, if stable, result in a relic energy den-
sity overclosing the Universe [21]. Thus they must decay.
In R-parity violating supersymmetry (RPV-SUSY) mod-
els, see Refs. [22–24] for reviews, the lightest neutralino
decays via the RPV couplings. When both the mass of
the lightest neutralino and the RPV couplings are suffi-
ciently small, the lightest neutralino is long-lived.
Searches for light long-lived neutralinos have been
studied in various experimental setups. These include
existing fixed-target experiments [5, 25–27], a proposed
new fixed-target experiment: SHiP at CERN [28–30],
the ATLAS experiment [30] and a variety of proposed
dedicated experiments at the LHC: CODEX-b [31, 32],
FASER [33–35], MATHUSLA [3, 36], and AL3X [37]) [38–
40], and future Z−factories [41, 42].1 In this work, we
consider two relatively new proposals of dedicated ex-
periments for searching for neutral LLPs at the LHC,
namely ANUBIS (“An Underground Belayed In-Shaft ex-
periment”) [45, 46] and MAPP (“MoEDALL Apparatus for
1 Both ATLAS and CMS have searched for heavier long-lived neu-
tralinos. The hadronic decays are then to jets instead of light
mesons, as we consider here. See for example Refs. [43, 44] and
references therein.
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2the detection of Penetrating Particles”) [47]. ANUBIS is
to consist of a cylindrical detector installed inside one of
the service shafts above either the ATLAS or CMS inter-
action point (IP), with an expected integrated luminos-
ity of 3 ab−1. MAPP is planned with two phases and to
be installed inside the UGCI gallery near the interaction
point 8 (IP8) of the LHC, where the experiment LHCb
is located. MAPP1 and MAPP2 are projected to have an
integrated luminosity of 30 and 300 fb−1, respectively.
The details of these three experiments are discussed in
Sec. III.
In the existing literature on the search for long-lived
light neutralinos at various experiments, two types of pro-
duction mechanisms have been considered. The first is
rare Z−boson decays into a pair of the lightest neutrali-
nos via the small Higgsino component [38, 40–42, 48], and
the second is rare meson decays into a single neutralino
plus a neutral or charged lepton via an RPV coupling
[5, 25–27, 30, 39, 40]. In this work, we focus on the long-
lived light neutralinos in RPV-SUSY, produced from a
rare charm or bottom meson decay. The neutralino de-
cays via an RPV coupling, again to a meson and a lep-
ton. Taking one benchmark scenario for charmed and
bottomed mesons, respectively, we compare the sensitiv-
ity reach of ANUBIS and MAPP experiments with other
present and proposed experiments at the LHC.
This paper is organized as follows. In Sec. II we in-
troduce the model basics of RPV-SUSY and the lightest
neutralino. In Sec. III, we introduce the detector setups
of ANUBIS and MAPP, and explain the simulation proce-
dure and signal estimation. The numerical results for two
benchmark scenarios are presented in Sec. IV. In Sec. V
we summarize our findings and provide an outlook.
II. MODEL BASICS OF RPV-SUSY, THE
PRODUCTION AND DECAY OF THE χ˜01
Here, we introduce the RPV-SUSY model, and discuss
the production and decay of the lightest neutralinos via
RPV couplings. In RPV-SUSY, the MSSM superpoten-
tial is extended by the following renormalizable terms:
WRPV =κiLiHu +
1
2
λijkLiLjE
c
k + λ
′
ijkLiQjD
c
k
+
1
2
λ
′′
ijkU
c
iD
c
jD
c
k . (1)
Here we use the notation as in Ref. [49]. In particular
the λ, λ′, λ′′ are dimensionless Yukawa couplings, and
i, j, k ∈ {1, 2, 3} are generation indices. The first three
sets of terms violate lepton number and the last violates
baryon number. In order to avoid rapid proton decay
we consider an additional baryon triality, B3, symmetry
imposed [50, 51], which allows only the lepton-number
violating operators and is discrete gauge anomaly-free.
For this work, we choose to consider only the LQD¯ op-
erators. The lightest supersymmetric particle (LSP) is
then no longer stable and decays into SM particles. In
this study, we assume that the lightest neutralino is the
LSP, which it need not be [52, 53].
Following Refs. [30, 39], we investigate 2 benchmark
scenarios, where the χ˜01 LSP’s are singly produced from
either a charm or a bottom meson’s rare decay, and then
decay to a lighter meson with a displaced vertex to be
reconstructed inside a detector. Such light GeV-scale, or
lighter, neutralinos are necessarily binolike to avoid ex-
isting bounds [12, 13]. We perform the computation of
the decay widths of the heavy mesons into the lightest
neutralino and of the neutralinos into a lighter meson
plus a neutral or charged lepton, with the analytic for-
mulas given in Refs. [5, 13, 25, 30]. In each of these
benchmark scenarios, two RPV couplings are assumed
to be nonzero, responsible for the production and decay
of χ˜01, respectively. We work directly at the low-energy
scale, disregarding the possibility of multiple RPV cou-
plings generated as a result of the renormalization group
equations [54].
The RPV couplings are in general constrained by var-
ious experimentally measured observables. Such bounds
usually depend on the relevant scalar fermion particles.
See Refs. [23, 55–59] for reviews. Below we summarize
the current bounds on both the single RPV couplings and
coupling products that are relevant to the benchmark sce-
narios we study, extracted from Refs. [55, 58–60].
The current single couplings bounds are [58, 60]:
λ′112 < 0.030 + 0.16
md˜R
1 TeV , (2)
λ′122 < 2
ms˜R
1 TeV , (3)
λ′131 < 0.19
mt˜L
1 TeV , (4)
and coupling products bounds are [55, 59]:
√
λ′122λ
′
112 < 4.7× 10−2 ms˜R1 TeV , (5)√
λ′131λ
′
112 < 3.0× 10−3 me˜L1 TeV . (6)
These bounds on the RPV couplings stem from different
observables and hence depend on the masses of different
sfermions. In this work, we assume for simplicity degen-
erate sfermion masses, and will compare the sensitivity
of ANUBIS and MAPP in the parameter space of the RPV-
SUSY with the current experimental bounds.
3III. EXPERIMENTAL SETUPS AND
SIMULATION PROCEDURE
In this section we introduce the detector setups of the
proposed experiments ANUBIS and MAPP, explain the sim-
ulation procedure, and discuss the estimate of signal-
event numbers.
At both experiments, there are various potential back-
ground sources such as long-lived SM hadrons decays and
cosmic rays. Such background events can be effectively
reduced to the negligible level by e.g. charged-particle
vetos and directional cuts, as discussed in Refs. [45, 47].
Accordingly we assume 0 background events for the sen-
sitivity study in this paper. Furthermore, since the de-
tailed detector information of these two experiments are
not yet available, for simplicity we assume 100% detector
efficiencies here.
A. ANUBIS and MAPP
ANUBIS is proposed as a cylindrical detector making use
of one of the installation shafts at the ATLAS or CMS IP.
Sketches of the experiment, reproduced from Ref. [46],
are presented in Fig. 1 from two perspectives, where a
sample LLP with polar angle θi is labeled with a dashed
arrow. ANUBIS has a height, lv, of 56 m and a diameter
lh of 18 m, so that the fiducial region consists of ap-
proximately ∼ 14,250 m3. It has a horizontal (vertical)
distance dh (dv) of 5 (24) m from the IP. Four track-
ing stations are planned to be installed in parallel, with
intervals of 18.5 m.
Compared to the other proposed dedicated far-detector
experiments at the LHC, ANUBIS has several advantages.
First, with its location inside one of the service shafts
above the ATLAS/CMS IP, it can be particularly sensi-
tive to LLPs traveling at a larger polar angle. It can be
integrated directly with the ATLAS/CMS experiment, ex-
tending the sensitivity of these currently running exper-
iments. A total integrated luminosity as large as 3 ab−1
at the HL-LHC is expected for the ANUBIS experiment.
MAPP is located in the UGCI gallery at the IP8 at the
LHC, close to the MoEDAL detector (“Monopole and Ex-
otics Detector At the LHC”). The first phase of the ex-
periment known as MAPP1 is planned to be in operation
during the LHC RUN-3 with an integrated luminosity of
30 fb−1. MAPP1 consists of two sub-detectors: MAPP-mCP
to detect minimally charged particles and MAPP-LLP to
search for neutral LLPs. We consider the latter with an
approximate fiducial volume of ∼ 130 m3.
The detector can be placed at multiple positions in
dv
dh
lv
lh
θi
z
y
IP
lsegv
dh
lh
z
x
IP
FIG. 1. The profile sketches of the ANUBIS detector in the
y − z (looking from the side) and the x − z (looking from
the top down) planes, respectively, extracted from Ref. [46].
A sample LLP-event with polar angle θi is included in the
sketches.
the UGCI gallery with an angular range of 5◦ to 25◦.
Depending on the angle, the detector is shielded by 25
to 55 m of rock. We consider the position at 5◦ with a
distance of 55 m. Additionally, the detector is shielded by
100 m of rock above it, so that we assume no background
for the MAPP experiment.
After RUN-3 an upgrade of the detector known as
MAPP2 is planned, in which the fiducial region is extended
to cover almost the whole gallery with a volume of ∼ 430
m3. The sketches of both detectors are given in Fig. 2,
where the MAPP1 detector is shown in green only while
MAPP2 will occupy both the green and red regions. Simi-
lar to Fig. 1, a sample event with polar angle θi is illus-
trated in the figures.
4z
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FIG. 2. Sketches of MAPP1 (green) and MAPP2 (red+green) in
the x-z plane, i.e. viewed from above, and in three dimen-
sions, with the y-axis pointing vertically upwards. A sample
event is shown hitting MAPP2 but not MAPP1.
B. Simulation and Signal Event Estimate
We proceed to describe the simulation procedure and
the estimate of the number of signal events in each of
these experiments.
Since we consider only the production of the light-
est neutralinos from rare decays of charm and bottom
mesons, we can express the total number of produced
χ˜01’s in terms of the total number of produced mesons
NM , their lifetime τM , and the meson partial decay width
into χ˜01 and a lepton:
Nprod
χ˜01
=
∑
M
NM · Γ(M → χ˜01 + li/νi) · τM , (7)
where i = 1, 2, 3 is the lepton generation.
In principle one can consider the lightest neutralinos
produced from either a pseudoscalar or a vector meson
decay. However, the lifetime of the vector mesons is
usually several orders of magnitude (up to 9 orders of
magnitude for D-mesons for instance) lower than that
of their pseudoscalar counterparts. In order to produce
sufficiently many neutralinos from such vector meson de-
cays mediated by an RPV coupling, the coupling has
to be much larger than the current upper experimental
bounds. Thus, we only consider pseudoscalar mesons for
the neutralino production. Considering both D- and B-
mesons rare decays, we are able to explore χ˜01 masses up
to several GeV and down to a few hundred MeV. We fol-
low the procedure given in Ref. [39] to extract the total
number of the charm and bottom mesons that are rel-
evant to this study, respectively. This is based on the
experimental results of charm meson and b−quark pro-
duction cross sections published by the LHCb collabora-
tion [61, 62], and the kinematic extrapolation to the com-
plete solid-angle coverage with the numerical tool FONLL
Meson M D±s B
0/B¯0
NM 6.62× 1015 1.46× 1015
TABLE I. The total number of D- and B-mesons expected
at ANUBIS for an integrated luminosity of 3 ab−1 over the full
solid angle 4pi. For MAPP1 and MAPP2 we scale the results to
the respective integrated luminosities, 30 fb−1 and 300 fb−1.
[63–66], and B-meson fragmentation by using Pythia 8
[67, 68]. We summarize the results in Table I.2
The lightest neutralinos may undergo two-body decays
into either charged or neutral final states. While both
types contribute to the total decay width of χ˜01, only the
charged final states can be easily used for the displaced-
vertex reconstruction. We therefore consider only these
as visible. The number of observed lightest neutralino
decays can be expressed as
Nobsχ˜01
= Nprod
χ˜01
· 〈P [χ˜01 in d.r.]〉 · BR (χ˜01 → char.) , (8)
where
〈
P
[
χ˜01 in d.r.
]〉
denotes the average probability
of the χ˜01 to decay inside the detectable region (d.r.)
of a given detector and “char.” labels charged final
states. We perform a Monte-Carlo (MC) simulation with
Pythia 8 in order to determine
〈
P
[
χ˜01 in d.r.
]〉
. We
simulate NMC
χ˜01
MC-events and calculate
〈
P
[
χ˜01 in d.r.
]〉
with the following formula:
〈
P
[
χ˜01 in d.r.
]〉
=
1
NMC
χ˜01
NMC
χ˜01∑
i=1
P
[(
χ˜01
)
i
in d.r.
]
, (9)
where P
[(
χ˜01
)
i
in d.r.
]
is the probability of an individ-
ual simulated χ˜01 to decay in the d.r. The calculation of
the individual decay probability takes into account the
geometries of the respective detector and the kinemat-
ics of an individual χ˜01, and is explained in more detail
below.
To perform the MC simulation, we use two mod-
ules, HardQCD:hardccbar and HardQCD:hardbbbar im-
plemented in Pythia 8, in order to simulate D- and
B-meson production in pp−collisions with the center-of-
mass energy
√
s = 14 TeV. For each parameter point, we
simulate 2 × 106 collisions for the bottom and 2 × 107
collisions for the charm scenarios. We force the meson
relevant for each benchmark scenario to exclusively de-
cay into the lightest neutralino plus the accompanying
2 The numbers are slightly different from those given in Ref. [39].
We have corrected some minor errors in that paper.
5lepton, in order to achieve the maximal number of statis-
tics for estimating the average decay probability. We
then compute the number of expected neutralino decays
by including the total number of the mother meson pro-
duced and its decay branching ratio into χ˜01.
The calculation of the individual decay probabilities in
the detector requires the kinematic information of each
simulated neutralino. With the mass mχ˜01 and the 4-
momentum information (Ei, θi, φi) of the i-th simulated
neutralino provided by Pythia 8, we can calculate the
relativistic quantities with the following expressions:
γi =Ei/mχ˜01 , (10)
βi =
√
γ2i − 1/γi, (11)
λi =βiγi/Γtot(χ˜
0
1), (12)
βzi =p
z
i /Ei, (13)
λzi =β
z
i γi/Γtot(χ˜
0
1), (14)
where γi is the Lorentz boost factor of the neutralino, βi
(βzi ) the relativistic speed (the velocity in the collider-
beam direction), Γtot(χ˜
0
1) the total decay width of the
neutralino, λi (λ
z
i ) the boosted decay length in the trav-
eling direction (in the beam direction).
C. The Individual Decay Probability
The traveling direction of an LLP is defined by the
polar and azimuthal angles. P
[(
χ˜01
)
i
in d.r.
]
can then
be estimated by
P
[(
χ˜01
)
i
in d.r.
]
= e
−LT,iλi
(
1− e−
LI,i
λi
)
, (15)
in the case that the lightest neutralino travels inside the
solid angle protruded by the detector. Otherwise the
decay probability in the detector is 0. LT,i is the distance
from the IP to the closest point of the detector, while
LI,i is the distance the i-th simulated neutralino would
travel inside the detector given its traveling direction,
if it does not decay before it leaves the detector. Both
LT,i = LT,i(θi, φi) and LI,i = LI,i(θi, φi) are functions of
the angles θi, φi as well as the geometry of the detector
at hand.
1. ANUBIS
In order to estimate the individual decay probability
of an LLP inside the ANUBIS detector, we follow the same
procedure as in Ref. [46]. ANUBIS has 4 equally spaced
tracking stations, between which we divide the detectable
region into 3 segments of height lsegv = 18.67 m. For each
of these regions we calculate separately Pj
[(
χ˜01
)
i
in d.r.
]
with j = 1, 2, 3 and then sum over all three probabilities.
If one of the two following conditions is met
tan θi ≤ dv + (j − 1) · l
seg
v
dh + lh
, (16)
tan θi ≥ dv + j · l
seg
v
dh
, (17)
Pj is 0. In the first case the neutralino flies below seg-
ment j, thus missing it. In the second case it flies above
segment j. Otherwise we have
P
[(
χ˜01
)
i
in d.r.
]
=
3∑
j=1
δφj
2pi
· e−
L
j
T,i
λz
i ·
(
1− e−
L
j
I,i
λz
i
)
,
(18)
where
δφj = 2 arctan
lh/2
dv + (2j − 1)/2 · lsegv , (19)
LjT,i = min
[
max
(
dh,
dv + (j − 1) · lsegv
tan θi
)
, dh + lh
]
,
(20)
LjI,i = min
[
max
(
dh,
dv + j · lsegv
tan θi
)
, dh + lh
]
− Lji .
(21)
We do not determine the probability exactly for the az-
imuthal coverage. We assume the events are isotropic in
φ and consider for each detector segment a cone around
the y-axis to half the segment height. For the first seg-
ment we then have that (φi − pi/2) ∈ [−δφ,+δφ], where
tan δφ/2 = (lh/2)/(dv + l
seg
v /2). Correspondingly for the
other segments as in Eq. (19). The azimuthal coverage is
then accounted for with the prefactor δφj/2pi in Eq. (18).
Using this approximation for the location of the ANUBIS
detector, and the probability for it to be hit by a particle
flying from the IP, we find a geometric coverage of the
total solid angle of about 1.34%.3
2. MAPP
Because of the less regular orientation of the MAPP de-
tectors, it is not straightforward to compute the individ-
ual decay probability, as for ANUBIS. Instead, we simulate
3 The solid angle coverage is determined using Monte-Carlo inte-
gration with 106 events. We display the mean solid angle, Ω¯, of
100 such integrations. The relative standard deviation (σ/Ω¯) is
< 0.3% for all mentioned solid angles.
6the MAPP detectors in an exact way in three-dimensional
space. For this we construct a virtual model of the detec-
tors based on their corner points. This defines the sur-
faces of the detectors and thus the entire volume. Using
the information of the polar and azimuthal angles of each
simulated neutralino, our program determines whether
the neutralino is traveling in a direction inside the detec-
tor window, and if so computes the LT,i and LI,i as given
in Eq. (15), with which the individual decay probability
in the MAPP detectors can be exactly determined. Using
this more precise method, we find that MAPP1 and MAPP2
geometrically cover about 0.17% and 0.68% of the total
solid angle, respectively.
We note that in principle this method can also be used
for a cylindrical detector such as ANUBIS. However, given
the rather small azimuthal-angle coverage of the ANUBIS
detector, the amount of simulation increases drastically
in order to reduce the numerical uncertainty to a suffi-
ciently small level. Therefore, we use Eq. (18), which
does not require a too large number of simulated events
and at the same time is a sufficiently good approxima-
tion. With this exact geometry of the ANUBIS detector,
the solid-angle coverage is estimated to be 1.79%, which
is slightly larger than that obtained by the approximate
geometry (see Eq. (18)). Thus our previous estimate is
conservative. The effect on the sensitivity in each RPV
coupling enters via the square root, thus the effect is
about 15% in each coupling.
IV. NUMERICAL RESULTS FOR THE
BENCHMARK SCENARIOS
Here we present our numerical results. In Refs. [30, 39]
a variety of benchmark scenarios involving different LQD¯
couplings were investigated. These scenarios consider
the production of light neutralinos via the rare decay
of charged or neutral charm and bottom mesons. The
neutralinos subsequently decay into lighter mesons. In
each scenario, two LQD¯ couplings are switched on, one
responsible for the production and one for the decay of
the neutralinos. In this work, we focus on only two spe-
cific benchmark scenarios, one for charmed and one for
bottom mesons.
The relevant matrix elements for the production and
decay of the neutralinos are given in Ref. [30]. The effec-
tive production and decay operators are proportional to
the RPV-couplings scaled to the squared sfermion mass
λ′/m2
f˜
. For simplicity, we assume degenerate sfermion
masses, so that we are left with three free parameters for
each benchmark scenario: the scaled production and de-
λ′P for production λ
′
122
λ′D for decay λ
′
112
produced meson(s) Ds
visible final state(s) K± + e∓, K∗± + e∓
invisible final state(s) via λ′P (η, η
′, φ) + (νe, νe)
invisible final state(s) via λ′D
(
K0L,K
0
S ,K
∗) + (νe, νe)
TABLE II. Features of the charmed benchmark scenario.
cay couplings λ′P,ijk/m
2
f˜
and λ′D,i′j′k′/m
2
f˜
, and the neu-
tralino mass mχ˜01 . With three independent parameters,
we choose to present the sensitivities in two types of pa-
rameter planes. First, we set the two λ′-couplings to
be equal and lay out the dependence on the neutralino
mass: λ′P,ijk/m
2
f˜
= λ′D,i′j′k′/m
2
f˜
vs. m
χ˜01
. The other
parameter plane chosen is λ′P,ijk/m
2
f˜
vs. λ′D,i′j′k′/m
2
f˜
for three fixed neutralino masses, where we vary the two
LQD¯−couplings independently.
We further display the sensitivities in the plane Br vs.
cτ , where Br denotes the decay branching ratio of the
mother meson times that of the neutralino into charged
products, and cτ is the proper decay length of the neu-
tralino. If the decay topologies are similar, these results
should not be different qualitatively in the context of
other theoretical models. As mentioned, we consider only
the charged final states can be detected and used for the
DV reconstruction.
A. Benchmark scenario 1 - charmed Meson Ds
For the first scenario we consider λ′122 and λ
′
112 to
be non-zero, mediating the production and decay of
the lightest neutralino, respectively. We start with a
Ds−meson decaying promptly via the L1Q2D¯2 operator:
Ds → χ˜01 + e±. (22)
Afterwards the neutralino travels a macroscopic distance
before decaying with a displaced vertex via λ′112 into ei-
ther charged or neutral states:
χ˜01 →
 K
(∗)± + e∓ ,
K0L/S/K
∗0 + νe .
(23)
In addition the production coupling induces invisible neu-
tralino decays:
χ˜01 →
{
η/η′ + νe ,
φ+ νe ,
(24)
7which must be taken into account when computing the
total decay width. The relevant features of benchmark
scenario 1 are summarized in Table II.
In Fig. 3 we present the model-dependent results for
this benchmark scenario. The left column contains plots
in the plane λ′/m2
f˜
vs. mχ˜10 for ANUBIS, MAPP1, and MAPP2
experiments, respectively, where we impose λ′122 = λ
′
112.
In these plots we show contours of three different num-
bers of signal events with the light, medium, and dark
blue areas corresponding to parameter regions with >3,
>3× 103, and >3× 106 signal events, respectively. Fur-
thermore, the 3-event isocurve is extended by the dashed
line which gives the sensitivity reach if the neutral fi-
nal states, the lower set of decays in Eq. (23) and the
decays in Eq. (24), can be detected. Current bounds
on the RPV-couplings as given in Eq. (2) (Eq. (5)) are
shown with solid (dot-dashed) horizontal lines. For the
single coupling bounds on λ′P and λ
′
D, we show only the
stronger one for sfermion masses of 1 TeV and 5 TeV,
while for the bound on the product of the two RPV cou-
plings (
√
λ′122λ
′
112/m
2
f˜
) we consider only one sfermion
mass at 1 TeV.
The sensitive neutralino mass range for these experi-
ments are all similar and constrained mainly by the kine-
matics of the scenario:
(MK± +me) < mχ˜01 < (MDs −me) . (25)
Beyond this, the sensitivities are dependent only to a
small extent on the neutralino mass, depicted here by
the slope of the lower edge of the various sensitivity re-
gions in the plots in the left column. The sensitivity re-
gions are bounded from above, as for large couplings the
neutralinos would decay too fast to reach the detector.
They are bounded from below since for small couplings
there is both insufficient production of the neutralinos
and a too large decay length. The slope of the upper
edge of the sensitivity regions can be understood as fol-
lows. Increasing the two RPV couplings and decreasing
the neutralino mass simultaneously, the observed num-
ber of signal events increase in general. This is because
a large λ′P leads to enhancement in the neutralino pro-
duction, while the increase in λ′D and decrease in mχ˜01
retains the decay width and the average decay probabil-
ities in the detector.
In benchmark scenario 1, all three experiments may
probe parameter regions beyond the current RPV-
coupling bounds, to different extents. While the sensitiv-
ity of MAPP1 beyond the current limits would be less than
a factor 2 in λ′/m2
f˜
, its upgraded version, MAPP2, may ex-
tend the reach of MAPP1 by a further factor of ∼ 3, by
virtue of its larger volume and the increased integrated
luminosity. Among the three experiments studied in this
work, ANUBIS shows the best sensitivity reach, exceeding
the current limits by a factor ∼ 8 in λ′/m2
f˜
. This can be
attributed to its even greater integrated luminosity and
a larger solid-angle coverage.
The plots in the right column of Fig. 3 are shown
in the plane λ′D/m
2
f˜
vs. λ′P /m
2
f˜
. 3-event isocurves in
different colors are presented for three fixed neutralino
masses: 600 (light blue), 1200 (medium blue), and 1800
MeV (dark blue). These choices of the neutralino mass
correspond approximately to the lower and higher ends,
and the middle point of the mass range allowed by the
kinematics, as discussed above. As in the plots on the
left, we included present experimental bounds on both
single couplings and the couplings’ product for different
sfermion masses.
The isocurves are bounded from all four sides. With a
too large/small λ′D (y-axis), the lightest neutralinos de-
cays too early/late, leading to a too small average decay
probability in the detectors. When λ′P (x-axis) is too
small, there is insufficient production of the neutralinos.
With a too large λ′P , the lightest neutralinos would also
decay before they reach the detector. This is specific for
this scenario, as λ′P also induces invisible decays of the
neutralino and hence enhances its total decay width.
We find that ANUBIS, MAPP1, and MAPP2 can all be
sensitive to new parameter regions beyond the current
RPV limits for sfermion masses of the order of 1 TeV.
As observed in the plots in the left column, compared to
MAPP1, MAPP2 shows better sensitivity reach while ANUBIS
is expected to have the strongest performance. Assum-
ing mf˜ = 5 TeV as a reference value, MAPP1 improves the
current bounds on λ′122 and λ
′
112 by approximately one
order of magnitude, whereas MAPP2 and ANUBIS improve
them by more than two orders of magnitude. In general
among the three masses considered, mχ˜01 = 1200 MeV
probes the largest part of the parameter regions that are
still allowed by the present limits.
In Fig. 4, we show the model-independent results for
benchmark scenario 1 in the plane Br vs. cτ for two neu-
tralino masses. Here we specify “Br” with the following
expressions:
Br ≡ Br (D±s → χ˜01 + e±) · Br(χ˜01 → K(∗)± + e∓).(26)
The solid pink curves denote MAPP1, the dashed red
curves MAPP2, and the dot-dashed blue curves ANUBIS.
The lighter mass 600 MeV correlates to the lighter color,
while the darker color is for a mass of 1200 MeV. The rel-
ative comparison between these experiments is similar to
that shown in Fig. 3. The minimum of each curve gives
the lowest reach in Br, and its corresponding position in
8FIG. 3. Estimated sensitivity reach for ANUBIS, MAPP1, and MAPP2 for benchmark scenario 1, with charmed mesons. For the left
column we demand the two LQD¯ couplings to be equal and detail the reach as a function of the neutralino mass. The isocurves
represent 3 events (light blue), 3 × 103 events (medium blue), and 3 × 106 (dark blue). The dashed isocurve is an extension
of the 3-event isocurves, if the neutral ‘invisible’ decays can be observed in the detector. We implement the stronger current
coupling bound (here for λ′112) for two different sfermion masses, mf˜ = 1 TeV and 5 TeV (solid), and the product bound for
mf˜ = 1 TeV (dot-dashed). Depicted in the right column are 3-event isocurves on the λ
′
D vs. λ
′
P parameter region for 3 specific
neutralino masses, namely 600 MeV (light blue), 1200 MeV (medium blue), and 1800 MeV (dark blue). Current upper limits on
the individual couplings for two sfermions masses mf˜ = 1 TeV and 5 TeV (solid), as well as the product limit for the sfermion
mass mf˜ = 1 TeV (dot-dashed) are presented.
9FIG. 4. Sensitivity estimates for a neutral long-lived fermion
in a model-independent description for the charmed bench-
mark scenario 1 using our neutralino estimates. For each
detector the estimates for two light neutralino masses are de-
picted. For benchmark scenario 1 these masses are 600 and
1200 MeV. The lighter colors are used for the lighter mass.
MAPP1 is illustrated with a pink solid curve, MAPP2 red with a
dashed line and ANUBIS blue with a dot-dashed line.
Scenario mχ˜01
[MeV] 〈βγ〉ANUBIS 〈βγ〉MAPP1 〈βγ〉MAPP2
1 - Ds 600 2.78 24.45 17.22
1 - Ds 1200 2.94 16.63 13.26
2 - B0/B
0
1000 5.56 37.86 26.77
2 - B0/B
0
3000 2.62 16.42 12.72
TABLE III. Average boost factors of the neutralinos for the
three detectors and both benchmark scenarios.
the proper lifetime. For this scenario, ANUBIS may reach
Br ≈ 7 × 10−13, while the two MAPP programs are less
sensitive by more than one order of magnitude.
In order to understand the resulting lowest points in
Br: (cτ)min, in Fig. 4, we first consider the distance from
the IP to the middle position of the detector, 〈L〉. For
the three detectors we have
〈L〉 =

53.85 m for ANUBIS,
55.06 m for MAPP1,
46.71 m for MAPP2.
(27)
We estimate the average boost 〈βγ〉 of the produced neu-
tralinos for each detector with our numerical simulation,
with the results listed in Table III. The minima of the
curves are then found to correspond to
(cτ)min ≈ 〈L〉 / 〈βγ〉 . (28)
λ′P for production λ
′
131
λ′D for decay λ
′
112
produced meson(s) B0, B
0
visible final state(s) K± + e∓, K∗± + e∓
invisible final state(s) via λ′P None
invisible final state(s) via λ′D
(
K0L,K
0
S ,K
∗) + (νe, νe)
TABLE IV. Features of the bottomed benchmark scenario.
Taking mχ˜01 = 600 MeV as an example, we obtain
(cτ)min =

19.37 m for ANUBIS,
2.25 m for MAPP1,
2.71 m for MAPP2,
(29)
in approximate agreement with the minima of the lighter-
colored curves in Fig. 4. The value of Br at (cτ)min de-
pends on the angular coverage of the detector and the
integrated luminosity.
B. Benchmark scenario 2 - bottomed Meson B0, B
0
Next, we consider neutral bottom mesons B0 decaying
to a neutralino plus a neutrino via the coupling λ′131. The
decay of the lightest neutralino into a kaon proceeds via
the same coupling λ′112 as that considered in the previous
benchmark scenario. The characterizing features of this
benchmark are summarized in Table IV. This extends
the mass range for the neutralino considerably because
of the larger mass of the B-meson:
(MK± +me) < mχ˜01 < (MB0 −mνe) . (30)
We present the exclusion limits in the λ′P /m
2
f˜
=
λ′D/m
2
f˜
vs. mχ˜01 as well as the λ
′
D/m
2
f˜
vs. λ′P /m
2
f˜
plane in Fig. 5. As in the previous scenario for the
latter plane we consider three neutralino masses, which
are 1000 MeV, 3000 MeV, and 5000 MeV here. In the
λ′P /m
2
f˜
= λ′D/m
2
f˜
vs. m
χ˜01
plane we observe a similar
pattern as before. The sensitivity reach is mostly in-
dependent of the neutralino mass, except for the region
close to the meson masses. The reach is bounded from
above as the neutralino would decay too fast and below,
where the neutralino production and the decay would be
insufficient. We can extend the sensitivity reach slightly,
if we were able to detect neutral final states.
MAPP2 enhances the sensitivity reach of MAPP1 due to
the increased volume and integrated luminosity. How-
ever, both forms of the MAPP detector are only sensitive
beyond the current single coupling limits by factors be-
tween 5 and 10, but not beyond the coupling product
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FIG. 5. Estimated sensitivity reach for ANUBIS, MAPP1, and MAPP2 in the λ′131/m
2
f˜
vs. λ′112/m
2
f˜
parameter plane for the bottomed
benchmark scenario. The labeling is similar to that in Fig. 3, whereas in the right column the neutralino masses considered
now are mχ˜01
= 1000 MeV, 3000 MeV, and 5000 MeV colored as light blue, medium blue, and dark blue, respectively.
limit of this scenario for a sfermion mass of mf˜ = 1 TeV.
ANUBIS has the greatest reach out of all 3 detectors, which
extends beyond the coupling limits. Next, we consider
the λ′D/m
2
f˜
vs. λ′P /m
2
f˜
plane. An important difference
compared to the first scenario is that now the produc-
tion coupling does not lead to neutralino decay modes
and consequently we are not bounded from the right side
for large values of λ′P in Fig. 5. Comparing with the cur-
rent bounds on the RPV couplings, ANUBIS may explore
parameter regions that are still allowed, while the sensi-
11
FIG. 6. Sensitivity estimate for a neutral long-lived fermion in
a model-independent description for the charmed benchmark
scenario 2 using our neutralino estimates. Labeling is similar
to Fig. 4. For benchmark scenario 2 the considered neutralino
masses are 1 and 3 GeV.
tive regions of MAPP1 and MAPP2 are almost completely
ruled out by the current limit on the product of the two
RPV couplings for mf˜ = 1 TeV. For the medium neu-
tralino mass at 3000 MeV, ANUBIS may probe λ′131/m
2
f˜
(λ′112/m
2
f˜
) down to 7× 10−11 GeV−2 (4× 10−11 GeV−2)
at the upper limit of λ′112/m
2
f˜
(λ′131/m
2
f˜
) for m2
f˜
= 5 TeV.
Lastly, we consider the representation for topologically
identical theoretical models in Fig. 6 for mχ˜01 = 1000
MeV and 3000 MeV. The MAPP1 and MAPP2 lowest reach
differs by more than one order of magnitude, while the
ANUBIS reach in Br' 2×10−12 is even stronger again by
more than another order of magnitude. Considering the
average lengths to the detector 〈L〉 from Eq. (27) and
average boosts 〈βγ〉 from Tab. III for a neutralino mass
mχ˜01 = 1 GeV, the position of the lowest reach should be
(cτ)min =

9.69 m for ANUBIS,
1.45 m for MAPP1,
1.74 m for MAPP2.
(31)
This approximately coincides with the valley positions in
Fig. 6.
C. Comparison to previously considered Detectors
In previous works several detectors were studied for the
same benchmark scenarios, see Refs. [30, 39, 40]. Here
we compare those results with MAPP1, MAPP2, and ANUBIS
for neutralino masses of 1200 MeV and 3000 MeV in
FIG. 7. Comparison of model-dependent numerical results.
The top figure is for benchmark scenario 1, Tab. II for mχ˜01
=
1200 MeV, the lower for benchmark scenraio 2, Tab. IV for
mχ˜01
= 3000 MeV.
the respective benchmark scenarios. We consider both
a model-dependent λ′D/m
2
f˜
vs. λ′P /m
2
f˜
and the model-
independent Br vs. cτ representation.
Firstly, we look at the model-dependent representa-
tion in Fig. 7. Benchmark scenario 1, Tab. II, is shown
in the top figure, benchmark scenario 2, Tab. IV, in the
lower. For both scenarios MAPP1 has the lowest reach
while MAPP2 can substantially extend that reach to pa-
rameter regions comparable to other detectors, namely
CODEX-B, FASER2 in the charmed scenario, and SHiP in
the bottom meson scenario. The advantage of MAPP1
is, that the detector is already approved to be imple-
mented for the LHC Run-3. The proximity to the ATLAS
interaction point combined with the high integrated lu-
minosity of 3 ab−1, however, propels ANUBIS to be the
12
FIG. 8. Comparison of Br vs. cτ numerical results for various
proposed detectors. The top figure is for benchmark scenario
1, Tab. II for mχ˜01
= 1200 MeV, the lower for benchmark
scenraio 2, Tab. IV for mχ˜01
= 3000 MeV. For the charmed
scenario the region for large branching ratio products and
large cτ is theoretically excluded. This region is marked by
the hashed region.
most promising proposed detector from this considera-
tion. Only MATHUSLA, and SHiP for the first scenario,
and AL3X in both scenarios can extend the existing sen-
sitivity reach to a similar order.
The model-independent representation is shown in
Fig. 8. Again, benchmark scenario 1, is shown in the top
figure, benchmark scenario 2 in the lower. For the first
scenario a hash grid is added for large cτ combined with
a large branching ratio product, which is not possible to
be probed in this scenario. As the production coupling
induces a decay (see Tab. II) a large product of branching
ratios can not coexist with a large decay length. As be-
fore, compared to the other proposed experiments, MAPP1
has the lowest sensitivity reach for both scenarios because
of its smaller angular coverage and lower integrated lu-
minosity. However, MAPP1 is one of the few proposed far-
detector programs that have been approved at CERN.
MAPP2 extends the sensitivity reach in both directions.
ANUBIS shows a similar behavior to MATHUSLA and is very
promising to extend the reach for detecting any general
long-lived particle.
V. CONCLUSIONS
In this paper we have investigated the potential of the
experiments ANUBIS, MAPP1, and MAPP2 for the detection
of long-lived light supersymmetric neutralinos produced
via rare meson decays. This is an extension of previous
works for the same model at other present and proposed
experiments: ATLAS, SHiP, FASER, CODEX-b, MATHUSLA,
and AL3X [30, 39, 40]. The neutralino decays via R-parity
violating couplings to a lighter meson and a charged lep-
ton. Following Refs. [30, 39], we consider two benchmark
scenarios related to either charm or bottom mesons de-
cays into the light neutralino.
We find that MAPP1 can strengthen current bounds on
RPV-couplings in the charmed benchmark scenario. Its
planned upgrade program MAPP2 may extend the sensitiv-
ity reach by one order of magnitude in λ′/m2
f˜
compared
to MAPP1, as a result of a greater integrated luminosity
and increased solid-angle coverage. The sensitivity range
of ANUBIS is shown to be the largest among the three
detectors in both scenarios.
We compared the exclusion limits of these detectors to
those of other experiments derived in Refs. [30, 39, 40].
MAPP1 is approved and will explore the parameter space.
MAPP2 can go beyond this by more than an order of mag-
nitude, and ANUBIS by yet another order of magnitude in
Br, the product of production and decay branching ra-
tios, reaching about 7× 10−13. But the potentially most
sensitive experiment here is SHiP, followed by AL3X and
MATHUSLA. See Fig. 8.
In the bottom scenario MAPP1 goes down to about 2×
10−10 in Br, and MAPP2 extends this by more than an
order of magnitude. Again ANUBIS can extend this by
more than another order of magnitude reaching values as
low as Br ∼ 3× 10−12. Here SHiP suffers from the lower
production of B-mesons and the most sensitive proposed
experiment is AL3X, followed by MATHUSLA and almost
identically ANUBIS. In particular, AL3X can achieve this
with an integrated luminosity more than one order of
magnitude lower than that of MATHUSLA and ANUBIS, see
Fig. 8.
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